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ABSTRACT

Sexton, Zachary F. M.S., Purdue University, May 2014. Investigation of Macrophomina
phaseolina on soybeans from a regional perspective. Major Professor: Teresa Hughes

The fungal pathogen, Macrophomina phaseolina (Mp), causes the disease
charcoal rot (CR), which can greatly impact soybean production. This disease is typically
more prevalent in the southern US soybean producing areas, but has become more of a
problem in the northern US in the last decade. Host resistance to CR is the primary
means of managing this disease, yet resistance in commercial soybean varieties in
Maturity Groups (MG) I-III, soybeans adapted for use in the northern US, is currently
unknown. To address this emerging problem in the northern US, our research targeted
both the host and pathogen. Commercial soybean varieties available for use in the
northern US (MG I-III) were screened for resistance to CR using a greenhouse “cut-stem”
assay, and multiple potential moderately resistant varieties were identified. M.
phaseolina isolates native to the northern US were compared with southern isolates to
identify differences in growth and development when exposed to various temperatures.
Clear temperature preferences were apparent. Isolate populations were also compared
based on disease reactions on different soybean varieties. Experiments showed that
disease reactions can vary based on the individual isolate used.
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CHAPTER 1.

1.1

LITERATURE REVIEW

History of Soybean

Soybean (Glycine max) is an agricultural crop produced world-wide for animal
feed, human consumption, and industrial applications. Like other agricultural crops, the
first date of soybean cultivation remains unknown. However, historians agree that
soybean originated in China, where it was likely domesticated as a food crop sometime
in the eleventh century. (Hymowitz, 2005).
The introduction of soybean to the United States is a source of debate among
historians. There are multiple theories regarding its introduction, including the use of
soybean as ballast by ships traveling from China or Benjamin Franklin bringing soybeans
back to the US from France. However, the most commonly accepted origin of soybean
production in the US centers on Samuel Bowen who brought soybeans to the colony of
Georgia in 1765. (Hymowitz, 1983)
As the popularity of soybeans grew in the US it also became a staple in world
agriculture, with over 6% of arable land worldwide being used for soybean cultivation in
2010 (Hartman, 2011). Soybean gained popularity as a food crop in the mid twentieth
century, and experienced the highest percent increase in production of any crop since
the 1970s (Hartman, 2011). By 1968, approximately 28 million hectares of soybeans
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were grown in nearly 25 countries, including Brazil, Indonesia, South Korea, and the
Soviet Union (Hymowitz, 1970). Today, soybeans are planted on more than 108 million
hectares (USDA-FAS, 2013b) worldwide and comprise the largest percentage of oilseed
production (57%) in the world (SoyStats, 2013).
US production intensified during the 1950’s, allowing the US to overtake China as
the world’s number one producer of soybeans. At this time, the US grew 76% of the
world’s soybean (Hymowitz, 1970). The US remained the largest producer of soybeans
for several decades, producing approximately 38% of the world’s soybeans, with the
number two producer being Brazil, at approximately 26% (Musauda and Goldsmith,
2009; SoyStats, 1999-2012). However, by 2012, production in Brazil equaled that of the
US and by September 2013, Brazil produced 31% of the world’s soybeans, with the US
producing 30% (USDA-FAS, 2013a).
The soybean cultivars presently grown for agronomic production are classified as
dichotomous legumes belonging to the fabaceae family of plants. They are annual plants
that flower once a season based on a variety of different environmental factors
including day length and temperature (Fehr et al. 1971, Pedersen P. 2007). The life cycle
of a soybean plant can be broken down into parts that have been defined as growth
stages. These growth stages can be separated into two distinct periods of the soybean
growth, the vegetative stages and reproductive stages (Fehr et al. 1971, Pedersen, 2007).
The vegetative growth stages start with the VE stage, this is defined as the
period in a soybean lifecycle when the shoot has first emerged from the surface of the
soil, but only cotyledons are present on the stem. The next stage, VC, begins when the
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unifoliolate leaves are completely unrolled and the first stem node is formed. Stage V1
begins when the second stem node is formed and the first trifoliate leaf is fully unrolled.
Growth stage V2 begins when a third node is formed and a second trifoliolate leaf is
fully unrolled. The vegetative growth stages continue in this manner, with a new stage
beginning each time a new node is formed and a trifoliolate leave is fully formed. The
amount of vegetative growth stages a given soybean plant will complete is variable and
depends on the given soybean cultivar and environmental conditions. (Fehr et al., 1971,
Pedersen, 2007)
The reproductive growth stages of soybean begin with R1, which occurs when at
least one flower can be found on any node on the plant. The R2 growth stage begins
when a fully formed, open flower can be found at one of the two uppermost nodes. R3
begins when pods are at least 5mm long at one of the four uppermost nodes. R4 begins
when pods are at least 2 cm long at one of the four uppermost nodes. R5 begins when a
pod containing seed 3 mm long can be found at one of the four uppermost nodes. The
plant enters growth stage R6 when a pod containing green seed that fills the pods to
capacity can be found at one of the four uppermost nodes. R7 begins when one normal
pod on the main stem has reached mature pod color, which is typically brown. R8, the
final growth stage, begins when 95% of the pods present on the soybean plant have
reached the mature, brown color. (Fehr et al., 1971, Pedersen, 2007)
In the US, soybean cultivars used for agronomic production are separated into
maturity groups based on the geographic area they are suited for production in. These
maturity groups range from 000-IX, with 000 group containing soybean cultivars that
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mature the most quickly and are adapted for the shorter day length in the northern
most soybean producing areas in the US. As the soybean growing season increases with
latitudinal changes in geographic location, the number designation for the soybean
maturity groups appropriate for production in that area also increases. The difference in
growth and physiology between maturity groups is largely based on their reactions to
variations in day length. (Pedersen, 2007)
Soybeans also differ in growth characteristics. Soybean cultivars in maturity
group V or higher exhibit determinate growth. Determinate growth is defined as a
soybean plant that halts stem growth and node accrual abruptly when the plant enters
the reproductive stages of it’s lifecycle (R1). Determinately growing soybeans will
continue to develop leaves on branches throughout the reproductive growth stages and
also typically yield more then indeterminately growing soybean cultivars in settings with
optimal lighting conditions. Soybeans in maturity groups 000-5 exhibit indeterminate
growth meaning these cultivars continue to produce stem nodes until growth stage R5.
(Pedersen, 2007)
1.2

Impact of Disease on Soybean

The need for food production is constant, and will only increase in the future
with a growing global population, the use of food crops for fuel production, and the
increased consumption of high input foods like meat and dairy. With new arable land
seldom available, our only option to meet this growing strain on food availability is to
improve our current food production systems. Recent research has shown that staple
food crops like maize, rice, soybean, and wheat, may be plateauing in terms of yield
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potential (Ray et al., 2012). As such, research to improve agricultural crops and cropping
systems is essential to fulfilling global food needs.
Limiting the impact of disease on yield in area where crop production can be
improved. US soybean disease surveys from 2006 to 2012, estimate the average yearly
yield loss due to diseases to be over 11 million tonnes (Koenning and Wrather, 2010,
United Soybean Board, 2012). Based on annual soybean price averages the yearly
soybean yield loss due to disease totals over three billion dollars a year (National
Agricultural Statistics Service, 2014).
The development of agricultural practices and crop improvements to combat
disease is a constantly evolving battle. One critical improvement is breeding crops with
better resistance or tolerance to disease. However, resistance traits are influenced by
environmental conditions as well as the pathogen population characteristics. For these
reasons, identification and integration of stable resistance traits in soybean is a process
that is in constant flux, requiring research into both the host and pathogen.
Experimental methods that expedite identification of disease resistance traits can aid in
the development of successful agronomic cultivars.
Resistant soybean traits and/or cultivars have been identified and utilized in
multiple soybean pathosystems including soybean cyst nematode (Schuster et al., 2001,
Williamson et al., 1996, Vierling et al., 1996), brown stem rot (Chamberlain et al., 1968,
Willmot et al., 1989a), and phytophthora root rot (Diers et al., 1992). In most of these
instances, when the resistance traits were properly deployed, soybean yield was greatly
improved (Willmot et al., 1989a, Williamson et al., 1996, Diers et al., 1992). These traits
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are also vulnerable due to the development of pathogen tolerance or environmental
and pathogen variability (Willmot et al., 1989b, Williamson et al., 1996, Leitz et al.,2000,
Abney et al., 1997). Constant research and improvement is necessary to successfully
develop resistant cultivars in any pathosystem.
1.3

Macrophomina phaseolina

Macrophomina phaseolina is a soil-borne fungal pathogen that can infect and
cause disease on more than 500 different plant species, including soybean and corn
(Gupta et al., 2012). The disease caused by M. phaseolina is often referred to as
charcoal rot, due to the greyish appearance of stem and root tissue that results from the
accumulation of M. phaseolina fungal structures called microsclerotia.
A fungal sample, M. philippinensis, was first placed in the Macrophomina genus
by Petrak (1923). The pycnidial state of what would eventually be identified as the same
organism, was named Macrophoma phaseolina by Tassi (1901). After specimens were
critically examined by Ashby (1927) and Goidanich (1947), two separate binomial
characterizations were created and used throughout literature. These names were
Macrophomina phaseoli (Maubl.) and Macrophomina phaseolina (Tassi.) Goid. Currently,
the officially recognized taxonomic name is M. phaseolina (Tassi.) Goid 1947.
Taxonomically, M. phaseolina belongs to the phylum Ascomycota of the kingdom of
Fungi in the family Botryosphaeriaceae. To date, the sexual state of M. phaseolina has
not yet been identified (Kaur et al., 2012).
M. phaseolina has an extremely wide distribution throughout the world and can
be found on every continent but Antarctica (Khan, 2012, Sergeeva et al. 2005, Nene et
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al., 1996). Due to its large host range and wide geographical distribution, M. phaseolina
causes significant economic losses worldwide. This includes losses in the top ten
soybean producing countries, most notably Argentina, Brazil, and the US. In the US
alone, charcoal rot resulted in an average yield loss of approximately 850 thousand
tonnes per year from 1996 through 2012 (Koenning and Wrather, 2010, Wrather et al.,
2001, 2003, 2006, United Soybean Board, 2012). This makes it the 5 th most important
soybean disease in the US in terms of yield impact. In terms of dollar amounts these
yield loss estimates equate an average annual loss of over 250 million dollars (National
Agricultural Statistics Service, 2014).
The life cycle of M. phaseolina has not been extensively researched, as such our
understanding of parts of the charcoal rot disease cycle are not entirely understood. M.
phaseolina overwinters primarily as microsclerotia in plant debris and soil,
microsclerotia can persist in soil for multiple years but survivability can vary greatly
depending on environmental conditions (Campbell et al., 1993, Dhingra et al., 1975,
Papavizas, 1977). When soil temperatures reaches an acceptable range, between 20˚
and 40˚ C, microsclerotia will germinate and actively seek plant host root tissue to
colonize (Collins et al., 1990).
The exact mechanisms used by M. phaseolina to enter plant host root tissue
remain unknown. However the tremendous amount of cell wall and plant cell degrading
enzymes and toxins produced by M. phaseolina (Islam et al., 2012, Jain et al., 2013)
suggest that the fungus uses a brute force approach secreting secondary metabolites to
break down root tissue and gain entrance to the plant vascular tissue, which is typical of
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most necrotrophic pathogens. After the pathogen has entered the plant vascular system,
colonization of root and stem vasculature begins and will progress through the entire
plant under favorable conditions. As the disease develops, the fungus will produce
multitudes of microsclerotia that will re-enter the soil when dead plant debris falls from
infected plants. The fungus remains dormant until another suitable host plant is
available. In certain cases, M. phaseolina will produce black, oblong pycnidia on plant
host tissue surfaces that will produce hyaline ovular conidia (Dhingra and Sinclair, 1978).
These conidia have been shown to infect soybean seedlings under laboratory conditions
(Ma et al., 2010), but research is still needed to get a better understanding of the role of
conidia in the overall disease cycle.
M. phaseolina can cause disease on both soybean seedlings and adult plants.
Typical seedling symptoms include damping off or lesion development on cotyledons or
hypocotyls. In general, symptoms do not appear until later in plant development,
approximately one to four weeks before maturity. These symptoms include root rot,
stunting, wilting, grey discoloration of lower stem tissue, interveinal chlorosis and
necrosis of leaves, and premature plant death. Frequently, microsclerotia can also be
found developing in the vascular tissue of the stem and roots. M. phaseolina can also
infect pods and seeds. In severe cases, seedpods will become shriveled and stunted,
with microsclerotia sometimes present on infected seeds. M. phaseolina can be
transferred by contaminated seed. (Gupta et al., 2012, Hartman et al., 1999)
Microsclerotia consist of a melanized conglomeration of hyphe that result in a
dark ovular structure ranging from 100 µm to 1 mm in diameter (Dhingra and Sinclair,
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1978). Microsclerotia play an important role in the development of the charcoal rot
disease, forming in vascular tissue and blocking the flow of water. Microsclerotia can be
easily identified on the surface or vasculature of infected plants and serve as the
primary diagnostic sign for the charcoal rot disease. (Dhingra and Sinclair, 1978, Holliday
and Punithalingam, 1970)
The full genetic sequence of M. phaseolina is not yet available. It appears that
the genome of this fungus may be fairly large and complex. Islam et al. (2012) partially
sequenced over 90 percent of the M. phaseolina genome and found approximately
10,000 open reading frames (ORFs). Many pathogenesis related genes were identified,
included enzymes, toxins, and plant-host interactions genes. Baird et al. (2010) observed
a high amount of general genetic diversity among a group of over 100 isolates using
simple sequence repeat (SSR) polymorphic analysis, although they were unable to tie
any of this genetic variation to specific phenotypic differences. The genetic complexity
exhibited by this organism suggests that the Macrophomina genus may contain multiple
species, although no convincing evidence for species separation has been found. Mahail
and Taylor (1995) observed possible anastomosis among different M. phaseolina
isolates, suggesting that they did in fact belong to the same species.
1.4

Management of charcoal rot

Management of charcoal rot is difficult because M. phaseolina has such a wide
host range (Gupta et al., 2012). The fungus can infect most crops used in typical
agronomic crop rotations in the US, and therefore crop rotation has a limited effect on
lowering soil inoculum levels of M. phaseolina. Isolates from different hosts may not be
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genetically similar (Su et al., 2001, Jana et al., 2005, Vandermark et al., 2000, ReyesFranco et al., 2012), however, these genetic differences have not translated into stark
phenotypic host preferences among isolates, something typical of host-specificity in
other plant pathogens. The effects of crop rotation of the amount of M. phaseolina
inoculum left in the soil has not been extensively studied. Short et al. (1980)
demonstrated that the buildup of microsclerotia in soil was directly related to the
number of consecutive years of corn or soybean production, regardless of the rotation,
resulting in lower soybean yields. Other experiments conducted have shown that
rotation can have an effect on soil inoculum levels (Grant, 1988, Singh et al., 1990). But
this effect has not been directly linked to lower disease incidence or severity and
reduction was measurable only with crop rotations not typically used in US soybean
production.
Fungicide protection to charcoal rot is based on limiting colonization by M.
phaseolina. Fungicide seed treatments delay infection and reduce overall colonization of
other fungal pathogens of soybean (Bradley, 2008, Ellis et al., 2011, Schulz and Thelan,
2008). For charcoal rot, there is evidence to support the effectiveness of fungicide seed
treatments in reducing disease severity (Abawi et al., 1990, Vir et al., 1972, Kumar and
Singh, 2000). However, there are no commercial fungicides currently available that are
labeled for the control of charcoal rot.
No research is available looking at the effects of foliar fungicide applications on
charcoal rot. Because M. phaseolina enters host plants through the roots, the fungus
would not be in contact with foliar fungicides. Recently, strobilurin (FRAC 11) and
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triazole (FRAC 21) fungicides have been reputed to provide additional plant health
benefits including increased photosynthetic activity and plant stress reduction (Jabs et
al., 2002). These effects could potentially reduce losses caused by charcoal rot in field
conditions. Presently the exact biochemical explanation for these benefits (Wu et al.,
2001), as well as the true impact of these effects are still up for debate (Nason et al.,
2007, Diaz-Espejo et al., 2012).
Various cultural practices aimed at retaining soil moisture and reducing plant
stress can be effective in reducing disease severity (Dhingra and Sinclair, 1975, Shokes et
al., 1977, Kendig et al., 2000, Bowen et al., 1989). These include altering tillage practices,
lowering planting populations, and increasing soil organic matter. Planting earlier in the
growing season and using earlier maturing soybean cultivars is an effective strategy for
avoiding end of season drought stress, where pod-fill can be impacted and charcoal rot
infection is typically most severe (Bowers, 1995, Kane and Grabau, 1992). Although this
strategy has not been directly researched in the charcoal rot pathosystem, Tekrony et al.
(1996) showed that early planting was an effective strategy for reducing the impact of
Phomopsis infection.
Bowen et al. (1989) showed that reducing planting populations in soybean fields
with high charcoal rot pressure reduced the incidence of charcoal rot without reducing
yields. The effects of row spacing on charcoal rot severity in soybeans has not been
extensively researched, Machado (1987) found that in a typical corn-soybean crop
rotation, increasing row spacing did reduce the incidence of charcoal rot, but this effect
was not observed in soybean-soybean rotations. Irrigation can also greatly reduce the
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impact of charcoal rot on yield (Diourte et al., 1995, Nischwitz et al., 2004). Numerous
soil amendments and treatments including fumigation, solarization, and bio-control
agents have also been shown to reduce M. phaseolina soil inoculum levels (Lodha et al.,
1997, Lodha, 1995, Israel et al., 2005). But, these practices can be costly and
unreasonable to implement in most agricultural operations.
The most economically and environmentally feasible option to combating
charcoal rot is to develop soybean cultivars that are innately resistant to the charcoal
rot. Multiple studies have been conducted to identify resistant soybean cultivars with,
varying success. Presently resistant cultivars exhibit quantitative, multi-gene resistance,
which is characterized by the reduction in disease severity by limiting colonization by
the pathogen. The most popular method of evaluating resistance in test cultivars has
been to quantify the amount of M. phaseolina present in field grown test lines soybean.
This includes studies conducted by Smith and Carvil 1997, Smith and Wyllie 1999, and
Mengistu et al. in 2007 and 2011. While this method has the advantage of screening for
resistance under natural infection and field conditions, this method does not allow for
the rapid evaluation of large numbers of soybean lines and is subject to environmental
variability, which can result in inconsistent data.
Greenhouse methods that are less time consuming and can be repeated under
more stable environmental conditions have also been developed. Studies by Talukdar et
al. (2009) and Oladameji et al. (2011) have used a “paper tower method” in which the
roots of juvenile common beans are wrapped with M. phaseolina inoculum contained in
a paper towel and disease development is recorded using a visual rating scale. This
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method proved effective in distinguishing between cultivars resistant and susceptible to
charcoal rot, but has never been tested on soybean, or confirmed with field-testing.
Recently Twizeyimana et al. (2012) reported on a “cut-stem inoculation technique”.
Briefly, this method involved growing soybeans to the V2-V3 growth stage and then
cutting the plant stem above the unifoliolate node. A pippete tip containing mycelium
from an actively growing M. phaseolina isolate is then placed over the open wound.
After incubating for three days, the pipette is removed and the developing lesion is
measured at three, six, and nine days post inoculation. Measurements are then used to
calculate an area under the disease progress curve.
Preliminary studies using a variety of different greenhouse based protocols for
screening for resistance to charcoal rot demonstrated that a reliable disease reaction
could not be produced under natural infection conditions (Appendix A). Natural
infection based protocols also failed to produce measurable results in a reasonable time
frame of 30 days. The “cut-stem” technique, an unnatural wounding method, reliably
produced a disease reaction and demonstrated consistent differentiation between
previously established moderately resistant and susceptible soybean checks (Mengistu
et al., 2007 and 2011) (Appendix B). This method also resulted in a measurable disease
reaction, within 30 days. Based on these results, the “cut-stem” technique was used to
screen for resistance to charcoal rot in commercial soybean cultivars adapted to the
north central US (Chapter 1).
Investigations identifying M. phaseolina isolate differences based on geographic
distribution, colony morphology, and chlorate sensitivity have been conducted using
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both phenotypic and genetic screening techniques. Studies using genetic markers have
successfully differentiated between isolates based on their regional location (Babu et al.,
2010) and chlorate sensitivity (Jana et al., 2005). Phenotypic isolate variability studies
grouped isolates based on pathogenicity, pycnidium production, and morphological
differences, showing a high level of variability within this species (Mihail and Taylor,
1995, Beas-Fernandez et al., 2006).
The majority of charcoal rot research on soybeans is being performed in the
southern US (Mengistu 2007, Abawi and Corrales, 1990, Smith and Carvil, 1997, Su et al.,
2001). Traditionally this disease is more impactful in the southern US, and research into
the disease in the northern US has been lacking. With charcoal rot becoming more
prevalent and impactful in northern soybean producing areas of the US (Yang and Navi,
2005, Bradley and Rio, 2003, ElAraby et al., 2003, Gulya et al., 2002, Wrather et al., 2001,
2003, and 2006), it is prudent to investigate potential differences between northern and
southern populations of M. phaseolina. To do this, the “cut-stem” assay was used to
evaluate aggressiveness, both within and among isolates of M. phaseolina, originating
from the southern or northern region of the US (Chapter 2). To further assess potential
differences among isolates from these two regions, isolates were also evaluated for
variation in growth and development at 15, 30, and 40° C (Chapter 3).
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CHAPTER 2. GREENHOURSE EVALUATION OF COMMERCIAL SOYBEAN CULTIVARS
ADAPTED TO THE NORTH CENTRAL US FOR RESISTANCE TO CHARCOAL ROT

2.1

Abstract

The fungal pathogen, Macrophomina phaseolina, causes the disease charcoal rot
(CR), which greatly impacts soybean production. Host resistance to CR is the primary
means of managing this disease, yet resistance in commercial soybean cultivars in
Maturity Groups (MG) I-III is currently unknown. Thirty (30) and sixty-seven (67) entries
to the 2012 Wisconsin (MG I-II) and Indiana (MG II-III) Soybean Variety Trials,
respectively, were evaluated for CR resistance using a cut-stem assay. Disease was
characterized as area under the disease progress curve (AUDPC) based on lesion
development and resistance assessed in relation to the resistant check (DT97-4290). The
cut-stem method consistently differentiated between the CR-resistant and susceptible
(Pharaoh) checks. Likewise, disease development in each of the selected cultivars was
comparable across all experiments based on experiment × cultivar interactions (WI:
p=0.263, IN: p=0.185). The reaction of both the WI and IN cultivars to M. phaseolina
ranged from susceptible to moderately resistant. Although no cultivar was immune to M.
phaseolina, three MG I-II and 16 MG II-III cultivars performed similar to or better than
DT97-4290 and had significantly lower AUDPC than Pharaoh. Results of this study
indicate there are commercial cultivars available to manage CR in the upper Midwest.

28
2.2

Introduction

The fungal pathogen, Macrophomina phaseolina, causes the disease charcoal rot
on a wide range of plants, including common beans, corn, cotton, sorghum, soybeans,
and sunflowers (Grau et al., 2004, Gupta et al., 2012,). On soybeans, this soilborne
pathogen can cause significant yield loss (Koenning and Wrather, 2010, Mengistu et al.,
2011b, Pearson et al., 1984) due to reduced vigor, incomplete pod fill, or premature
plant death. The fungus can infect roots early in the season, although symptoms and
microsclerotia do not typically appear until the reproductive stages of the plant lifecycle
(Mengistu et al. 2011b). This disease, which is typically associated with periods of hot
and dry weather, has mainly impacted soybean production in the southern United
States (Koenning and Wrather, 2010). However, there has been a recent increase in the
incidence and severity of charcoal rot in northern soybean producing states, which may
be the result of changing weather patterns or the increased use of higher planting
populations in soybean production (Bradley and del Rio, 2003, Brown, 2007, Elaraby et
al., 2003, Hughes, 2009, Yang and Navi, 2005).
The need to identify soybean cultivars genetically resistant to charcoal rot has
been recognized by multiple researchers and moderately resistant cultivars have been
identified in both public germplasm and commercial lines (Mengistu et al., 2011a, Olaya
et al., 1996, Paris et al., 2006, Smith and Carvil, 1997). However, the majority of the
germplasm tested is late maturity group (MG) IV or later, adapted for the southern US
climate. To date, resistance to charcoal rot in germplasm adapted to the North Central
US has not been identified. In addition, previous evaluations were conducted under field
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conditions. Although field screens have benefits an entire growing season is needed to
produce results and tests are highly variable due to the environment.
To address the inefficiency associated with field based resistance-screening
techniques, researchers have worked to develop short-duration, greenhouse methods
for screening soybean cultivars for charcoal rot resistance (Pabon et al., 2006). The cutstem technique, recently developed by Twizeyimana et al. 2012, has showed promise
for quickly evaluating soybean cultivars for resistance to charcoal rot with correlation to
field results (Appendix B, Mengistu et al. 2011a, personal communication). The objective
of this study was to evaluate a wide cultivar of commercial soybean cultivars adapted to
the northern US climate for resistance to charcoal rot using the cut-stem technique.
2.3

Materials and Methods

M. phaseolina isolate Md7, obtained from a soybean plant expressing symptoms
of charcoal rot collected in 2008 from Muscoda, WI., was used for all experiments. The
isolate was maintained as dehydrated microsclerotia on sterile toothpicks and stored at
room temperature in darkness. Prior to inoculation, a single toothpick was transferred
to a petri plate containing potato dextrose agar (PDA, Becton Dickinson BBL Media) and
incubated at room temperature in darkness until mycelial growth reached 30 mm in
diameter. Three days before inoculation a 6 mm plug of mycelium was sub-cultured
onto a new plate of PDA and incubated at room temperature in the dark. This plate was
used to inoculate test plants. A fully colonized plate (90 mm in diameter) provides
enough material to inoculate approximately 50 soybean plants.
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Commercial soybean cultivars were screened for resistance to M. phaseolina
using the protocol developed by Twizeyimana et al. 2012. Soybean seeds were planted
in 48-cell plastic flats (T.O. Plastics) in MetroMix 510 (SunGrow Horticulture) growth
medium, cells were 3.8 x 6 x 5.8 cm. Individual cells were over-seeded to compensate
for differences in germination and seedlings were thinned to one plant per cell at
growth stage VC (cotyledons fully expanded). When the plants reached the approximate
growth stage V2 or V3 (second or third trifoliate leaf; approximately two weeks), stems
were cut 38 mm above the unifoliolate node. Immediately following amputation, a
200µl pipette tip containing a plug of mycelium from the margin of an actively growing
M. phaseolina colony was firmly placed over the cut stem of the soybean plant. Three
days after inoculation (DAI), pipette tips were removed and the length of the resulting
stem lesion was measured in mm. The developing lesion was also measured at six and
nine DAI. The three measurements were then used to calculate an area under the
disease progress curve (AUDPC) value using the following formula,
𝑁𝑖 −1
𝐴𝑈𝐷𝑃𝐶 = ∑𝑖=1

(𝑦𝑖 +𝑦𝑖+1 )
2

(𝑡𝑖+1 − 𝑡𝑖 )

where t = days accumulated before disease rating and y = the length of the lesion at the
time of measurement. (Twizeyimana et al., 2012)
Two sets of experiments were established to screen two separate groups of
commercial cultivars. The first group contained thirty (30) cultivars (MG I-II) selected
from the 2012 University of Wisconsin Soybean Cultivar Trials (Table I). The second
group contained sixty-seven (67) cultivars (MG II-III) selected from the 2012 Indiana
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Soybean Variety Trials (Table II). Both experiments were designed as a completely
randomized block design with four replicates per experiment, each containing one
experimental unit. A single experimental unit consisted of a row of four plants in a fortyeight (48) cell flat for a total of four units (16 plants) per cultivar per experimental run.
Both sets of experiments included the moderately resistant standard, DT97-4290 MG IV
and the susceptible check Pharaoh (MG III) to calibrate results (Mengistu et al., 2011a).
Experiments were conducted in the USDA-ARS greenhouse located on the
Purdue University campus in West Lafayette IN. Plants received a 14-hr photoperiod,
supplemented by 1000w sodium lamps (Xtrasun), and temperatures between 28˚ C and
24˚ C. Each set of experiments was repeated three times. AUDPC values for individual
plants were averaged for a single value per experimental unit. Means were compared
using a one-way analysis of variance (ANOVA) and individual cultivar means were
compared using Fisher’s least significant difference (LSD). Spearman’s rank correlation
(Rho) was also used to gauge the homogeneity of cultivar resistance ranks between
experimental repetitions. For all analyses statistical significance was determined at
P=0.05. Analysis was performed using the STATISTICA software GLM model (Statsoft,
Tulsa, OK).
2.4

Results

Results indicate that the “cut-stem” screening technique was consistently able to
distinguish between the resistant, DT97-4290, and susceptible, Pharaoh, checks.
Symptoms expression observed for those commercial cultivars evaluated in this study
did not indicate qualitative resistance typical of a gene-for-gene resistance interaction.
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Instead, reactions of these cultivars to M. phaseolina resulted in a continuum of
symptom severity typically associated with quantitative resistance (Fig. 1 and 2).
Results from the three experimental runs of the 30 MG I-II cultivars were
combined for analysis based on a non-significant experiment x cultivar interaction
(P=0.263). In addition, the reaction of each of the 30 MG I-II cultivars to M. phaseolina
was significantly correlated across each of the three runs (Table 3). Symptom
development, as determined by AUDPC, identified three cultivars in MG I-II, AG1733,
AG1631, and S18-C2, as moderately resistant based on their comparable performance
to the moderately resistant check DT97-4290 (Table 1, Fig. 1). Three cultivars, RS172NR2,
LS-1531RR2, and O’SOY170RR, were classified as susceptible based on their comparable
performance to the susceptible check Pharaoh (Table 1, Fig. 1). The remaining 24
cultivars fell between moderately resistant and susceptible on the continuum shown in
Fig. 1.
As with the evaluations of the 30 MG I-II cultivars, results from the three
experimental runs of the MG II-III cultivars were also combined based on a nonsignificant experiment x cultivar interaction (P=0.185). Likewise, the reaction of each of
the 67 MG II-III cultivars to M. phaseolina was significantly correlated across each of the
three runs (Table 3). Sixteen MG II-III cultivars, 2300RR2, AG3231, AG3431, 2312RR2,
2342RR2, W3201CR2, 2313RR2, AG2433, AG2632, AG2933, AG3432, AG3533, W2401R2,
7XP023, 7286, W4335, were identified as moderately resistant based on their
comparable performance to DT97-4290 (Table 2, Fig. 2). One cultivar, W2990CRR, was
classified as susceptible based on its comparable performance to Pharaoh (Table 2, Fig.
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2). The remaining cultivars f fell between moderately resistant and susceptible on the
continuum shown in Fig. 2.
To evaluate the effects of using a less labor intensive disease reaction
measurement, a single stem lesion length measurement 9 DAI, on ranking consistency
Spearman’s rank correlation analysis was performed across the experimental repetitions
of the commercial cultivar screens using lesion length averages instead of AUDPC. The
results showed that in 4 out of the 6 comparisons using a single lesion length
measurement reduced ranking correlation (Rho) and the strength of the statistical test
(P) (Appendix E). This analysis shows that, while more labor intensive, using an AUDPC
measurement with the “cut-stem” technique will produce more consistent results.
2.5

Discussion

The consistent, statistically significant, separation between standard charcoal rot
resistant and susceptible soybean cultivars supports the cut-stem method as a viable
method for evaluating soybean germplasm for resistance to M. phaseolina. Positive and
statistically significant Spearman’s Rho values for comparisons of ranked cultivar
performance across multiple experimental runs, also demonstrates the repeatability of
this protocol in a greenhouse setting. With a total experiment time of approximately 30
days this screening protocol has a turn over rate that is ideal for use as screening
technique for breeders. Although it has not yet been shown to demonstrate phenotypic
differences stark enough to accurately pinpoint specific resistance trait loci.
The moderately resistant cultivars identified are all commercially available at this
time. Growers facing severe charcoal rot problems in the North Central U.S would be
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able to immediately utilize these cultivars. This is the first time that recommendations
can be made about soybean cultivars with potential resistance to charcoal rot available
for use in the northern US soybean producing areas.
Six cultivars identified in these experiments were used in further tests using the
“cut-stem” greenhouse protocol, specifically cultivars identified as moderately resistant:
AG 1733, S18-C2, and AG2632, and susceptible: LS-1531RR2, O'SOY170RR, and
W2990CRR. All of these cultivars behaved similarly in terms of overall disease reactions,
further reinforcing the conclusions drawn from these initial experiments. (Chapter 3,
Appendix C)
The resistant and susceptible cultivar checks (DT97-4290, Pharaoh) evaluated in
these experiments behaved similarly to what was observed in other charcoal rot
resistance screens (Mengistu et al., 2011a, Smith and Carvil, 1997) the overall results of
these greenhouse screens appear to be fairly reliable. Field experiments to confirm
these results are in progress.
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Table 2.1. Commercial soybean cultivars in maturity
groups (MG) I and II selected from the 2012 University
of Wisconsin Soybean Cultivar Trials and evaluated for
resistance to Macrophomina phaseolina.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Cultivar Brand
Trelay
Trelay
Bio Gene
LG
FS HiSOY
G2
Legacy
Asgrow
Blue River
G2
Asgrow
Hughes
Trelay
NuTech
Asgrow
NuTech
Renk
Renk
NK Brand
Renk
Legend
G2
Pioneer
Legacy
NK Brand
O'Brien
Dyna-Gro
Croplan
Dyna-Gro
Croplan

Cultivar ID
20RR43
19RR59
BG7200R2Y
C2050R2
HS 20A22
7186
LS-1710RR2
AG 1733
17C2
7183
AG 1931
201 RR
15RR51
202
AG 1631
3153L
RS202NR2
RS172NR2
S15-L5
RS183NR2
17R20N
7203
91Y74
LS-1531RR2
S18-C2
O'SOY170RR
34RY17
R2C1531
S18RY33
R2C2070

MG
2.0
1.9
1.9
2.0
1.9
1.8
1.7
1.7
1.7
1.8
1.9
2.0
1.5
2.0
1.6
1.5
2.0
1.7
1.5
1.8
1.7
2.0
1.7
1.5
1.8
1.7
1.7
1.5
1.8
2.0
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Table 2.2. Commercial soybean cultivars in maturity
groups (MG) II and III selected from the 2012 Indiana
Soybean Cultivar Trials and evaluated for resistance to
Macrophomina phaseolina.
Number
228
379
480
481
503
513
515
573
580
584
586
626
642
643
675
786
787
790
792
799
800
801
802
823
824
825
837
842
843
857
858
859
860
862
863
864

Cultivar Brand
Wyckoff
Seed Consultants
Seed Consultants
Seed Consultants
Wyckoff
Wellman
Wellman
Ebberts
Asgrow
Asgrow
Asgrow
Rupp
Seed Consultants
Seed Consultants
Wyckoff
Rupp
Rupp
Ebberts
Ebberts
Wyckoff
Wyckoff
Seed Consultants
Seed Consultants
Dairyland
G2 Genetics
G2 Genetics
Wellman
Wellman
Wellman
Ebberts
Ebberts
Ebberts
Ebberts
Asgrow
Asgrow
Asgrow

Cultivar ID
W2990CRR
SCS9328RR
SCS9319RR
SCS9330RR
W2801CR2
W4030
W4131
2300RR2
AG2931
AG3231
AG3431
RS7311N
SCS9241RR
SCS9301RR
W2812CR2
RS7291
RS7352N
2312RR2
2342RR2
W3401CR2
W3201CR2
SCS9282RR
SCS9362RR
DSR-3232R2Y
7342
7362
W4227
W4234
W4236
2293RR2
2310RR2
2313RR2
2333RR2
AG2433
AG2531
AG2632

MG
2.9
3.2
3.1
3.3
2.8
3.0
3.1
2.3
2.9
3.2
3.4
3.1
2.4
3.0
2.8
2.9
3.5
2.3
2.3
3.4
3.2
2.8
3.6
3.2
3.4
3.6
2.7
3.4
3.6
2.2
2.3
2.3
2.3
2.4
2.5
2.6
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Table 2.2 Continued
865
866
867
868
869
878
879
880
882
891
892
893
895
908
909
910
911
916
917
918
919
920
921
922
923
929
930
931
932
933
934

Asgrow
Asgrow
Asgrow
Asgrow
Asgrow
Wyckoff
Wyckoff
Wyckoff
Wyckoff
Dyna-Gro
Dyna-Gro
Dyna-Gro
Dyna-Gro
Dairyland
Dairyland
Dairyland
Dairyland
Rupp
Rupp
Rupp
G2 Genetics
G2 Genetics
G2 Genetics
G2 Genetics
G2 Genetics
Wellman
Wellman
Wellman
Wellman
Wellman
Wellman

AG2733
AG2933
AG3333
AG3432
AG3533
W2603CR2
W3103CR2
W3601CR2
W2401R2
S27RY03
36RY29
S31RY93
S35RY83
DSR-3216R2Y
DSR-3019R2Y
DSR-2799R2Y
DSR-2677R2Y
RS7251N
RS7XP102
RS7XP023
7286
7290
7310
7323
7334
W4326
W4328
W4331
W4332
W4333
W4335

2.7
2.9
3.3
3.4
3.5
2.6
3.1
3.6
2.4
2.7
3.6
3.1
3.5
3.2
3.0
2.7
2.6
2.5
2.7
3.1
2.8
2.9
3.1
3.2
3.3
2.6
2.8
3.1
3.2
3.3
3.5
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Table 2.3. Spearman’s Rank Correlation (Rho) for symptom
severity of 30 commercial soybean cultivars in maturity
group (MG) I-II and 67 in MG II-III challenged with
Macrophomina phaseolina in three greenhouse experiments.

Exp.
1 and 2
1 and 3
2 and 3

MG I-II Cultivars
Rho
P >F
0.456
0.009
0.562
0.001
0.573
0.001

MG II-III Cultivars
Rho
P>F
0.334
0.005
0.293
0.015
0.305
0.011

400

AUDPC (mm-days)

350
300
250
200
150
100
50
0
26 SC 18 24 12 19 27 17

6

20

3

5

7

22

9

13 4 30 23 29 14 21 10
Variety

1

2

28 11 16 15

8

25 RC

Figure 2.1. Mean area under the disease progress curve (AUDPC) for 30 commercial soybean varieties in maturity groups I-II,
selected from the 2012 University of Wisconsin Soybean Variety Trial, challenged with Macrophomina phaseolina in greenhouse
conditions. Green colored bars signify means significantly different from susceptible control (SC), Pharaoh, and red bars signify
means significantly different from resistant control (RC), DT97-4290, based on Fisher’s LSD. Bars show standard error of the mean.
Numbers correspond to varieties listed in Table 2.1.
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500
400
300
200
228
SC
843
878
787
480
925
802
908
379
799
867
643
933
481
922
786
837
921
880
503
910
863
626
675
930
931
916
909
923
642
860
929
924
911
917
580
842
865
858
893
515
892
857
891
513
801
920
895
823
879
932
919
934
573
792
800
RC
586
918
882
790
868
866
859
584
869
862
864

0

100

AUDPC (mm-days)

Variety

Figure 2.2. Mean area under the disease progress curve (AUDPC) for 67 commercial soybean varieties in maturity groups II-III,
selected from the 2012 Indian Soybean Variety Trials, challenged with Macrophomina phaseolina in greenhouse conditions. Green
colored bars signify means significantly different from susceptible control (SC), Pharaoh, red bars signify means significantly different
from resistant control (RC), DT97-4290, based on Fisher’s LSD. Bars show standard error of the mean. Numbers correspond to
varieties listed in Table 2.2.
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CHAPTER 3. PATHOGENIC VARIATION AMONG SOYBEAN ISOLATES OF
MACROPHOMINA PHASEOLINA FROM NORTHERN AND SOUTHERN REGIONS OF
THE UNITED STATES

3.1

Abstract

Forty-two (42) isolates of Macrophomina phaseolina, 21 from the northern U.S.
and 21 from the southern U.S., were evaluated for pathogenicity differences and isolate
x cultivar interactions using a greenhouse assay. Isolates were evaluated on soybean
cultivars adapted to the southern soybean production areas (maturity group-MG IV-V)
and cultivars adapted to the northern U.S. (MG II-III). Moderately resistant soybean
cultivars had significantly less disease then the susceptible cultivars. Isolates from
northern production areas were slightly more aggressive than southern isolates,
although differences were only statistically significant in three out of six experiments. A
significant isolate x cultivar interaction was also observed in 4 out of 6 experiments
indicating the importance of isolate selection in evaluating resistance. A consistent
interaction between isolate and cultivar maturity group was not observed.
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3.2

Introduction

Understanding host-pathogen interactions is paramount to developing and
maintaining genetic resistance. This understanding begins with an investigation into the
role pathogen variability plays in disease development. Numerous experiments across
multiple pathosystems have used phenotypic screening techniques to study
pathogenicity variability among isolates (Covarelli et al., 2012, Denoyes and Baudry,
1995, Kobayashi et al. ,1983, Li et al., 2009, Takai, 1980). These screening techniques
can be used to identify isolate differences differences that help with pathogen
classification, as well as a better understanding of the disease in general. Studies like
these can also help uncover potential discrepancies in disease reactions caused by
different isolates of the same pathogen (Denoyes and Baudry, 1995).
Macrophomina phaseolina is the causal agent of charcoal rot in more than 500
plant species (Grau et al., 2004). Although Macrophomina is a monotypic genus (Kaur et
al., 2012), variation in culture morphology and physiology (Beas-Fernandez et al., 2006,
Mihail and Taylor, 1995, Pearson et al., 1987) and genetics (Almeida et al., 2011, Baird et
al., 2010, Beas-Fernandez et al., 2006, Das et al., 2008, Mayek-Perez et al., 2001,
Vandermark et al., 2000), been observed. In addition, research indicates pathogenicity
differences among isolates of M. phaseolina from diverse hosts such as alfalfa, common
bean, corn, cotton, and sorghum (Beas-Fernandez et al., 2006, Das etl al., 2008, MayekPerez et al., 2002, 2001, Mihail and Taylor, 1995, Su et al., 2001). These studies have
examined several different aspects of pathogenic variability including geographic
differences (Beas-Fernandez et al., 2006, Das et al., 2008), host specialization (Mihail
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and Taylor, 1995, Su et al., 2001), the effect of physiological differences on the ability to
cause disease (Mayek-Perez et al., 2001), and stress tolerance (Mayek-Perez et al., 2002).
Although isolate variability exists, results were inconsistent, preventing isolate grouping
based on phenotypic differences.
There is currently limited research on pathogenic variability among isolates of M.
phaseolina from soybean. Recently, Twizeyimana et al. (2012) compared aggressiveness
of four isolates of M. phaseolina obtained from soybean, using a newly developed cutstem inoculation technique. Although they observed significant differences in
aggressiveness among these isolates, they did not observe a significant isolate x
genotype interaction, indicating that the isolates performed similarly on each soybean
cultivar in the experiment. However, this may be due to the small number of isolates
studied. In addition, three of the four isolates observed were collected in Arkansas,
preventing any inference about the effect of climate or geographical location of origin
on aggressiveness.
In the US, charcoal rot has typically been a problem in southern soybean
producing states including Arkansas, Missouri, Kansas, and Tennessee (Grau et al., 2004,
Koenning and Wrather, 2010). However, there has been a steady increase in the
incidence and severity of this disease throughout the upper Midwest (Bradley and del
Rio, 2003, Brown, 2007, Cummings and Bergstrom, 2013, Elaraby et al., 2003, Hughes
2009, Yang, 2005). As such, there is a need to understand how isolates of M. phaseolina
vary based on geographical region. This information will be essential to developing
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resistant cultivars across different maturity groups and in establishing best management
practices for the disease.
The objectives of this research were to (1) evaluate the aggressiveness of
soybean isolates of M. phaseolina from the northern and southern US, (2) determine
the association between isolate aggressiveness and geographic origin, and (3) assess the
interaction between isolate and soybean cultivar on disease development.
3.3

Materials and Methods

Forty-two isolates of M. phaseolina from soybean, 21 from the northern U.S. and
21 from the southern U.S., were evaluated in this study (Table 3.1). Isolates were
assembled from multiple collections, employing different storage methods, and were of
varying ages. After receiving, all isolates were re-cultured onto potato dextrose agar
(PDA, Becton Dickinson BBL Media) and stored at 4˚ C. To reinvigorate isolates the
susceptible soybean cultivar Pharaoh was inoculated with each isolates using the
previously described cut-stem method (Twizeyimana et al. 2012, chapter 1).
Approximately nine days after inoculation, 5 to 6 cm portions of colonized stem tissue
were harvested, lyophilized, and stored at -20˚ C.
The experiment was designed as randomized complete block design with five
blocks, and used two sets of soybean cultivars including the moderately resistant DT974290 (Paris et al. 2006) and susceptible Pharaoh (Mengistu et al. 2007)). Both cultivars
are maturity group (MG) IV and adapted to the southern U.S. Additionally Asgrow
AG2632 and Wyckoff W2990CRR were included, which are MG II-III cultivars primarily
adapted to the northern US. AG2632 is classified as moderately resistant and
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W2990CRR as susceptible based on previous greenhouse studies (chapter 1). An
experimental unit consisted of two soybean plants per cultivar in each block resulting in
ten plants per treatment in the experiment.
Inoculum was prepared four to six days prior to inoculation by placing a section
of colonized stem tissue onto a plate of potato dextrose agar, PDA (Becton Dickinson
BBL Media), and incubating at 32˚ C in the dark for two to three days. The resulting
colony was then sub-cultured to a new plate, and incubated at 32˚ C in the dark for an
additional two to three days.
Experiments were conducted in the USDA-ARS greenhouse located on the
Purdue University campus in West Lafayette, IN. The cut-stem method was used to
evaluate resistance. The greenhouse was programed with a 14-hr photoperiod,
supplemented by 1000w sodium lamps (Xtrasun), and temperatures between 28° C and
24° C. Each experiment was repeated twice. Disease severity was determined
measuring area under the disease progress curve (AUDPC). AUDPC values were
averaged across each experimental unit resulting in five independent values per isolate
per cultivar. Means were compared using a two-way analysis of variance (ANOVA) and
individual cultivar means were compared using Fisher’s least significant difference (LSD).
Spearman’s rank correlation (Rho) was also used to gauge the homogeneity of ranks
between experimental repetitions. For all analysis statistical significance was
determined at P=0.05. Analysis was performed using the STATISTICA software general
linear model (GLM) (Statsoft, Tulsa, OK).
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3.4

Results

Isolate performance varied between experimental replications resulting in a
significant experiment by isolate interaction (P<0.001 for both experiments). This
interaction prevented the combination of data and required results to be analyzed by
experimental replication.
The moderately resistant cultivar (DT97-4290) consistently outperformed the
susceptible cultivar (Pharaoh) by a statistically significant margin (P<0.001 for all
experimental repetitions)(Figure 3.1, Table 3.2). Region effect was significant (P<0.001)
in repetitions 1 and 3 (Figure 3.1, Table 3.3). With northern isolates causing significantly
more disease on both the resistant and susceptible cultivars in two out of three
experiments. The cultivar by isolate interaction was significant in all three experimental
replications (P=0.037, 0.0497, 0.024 respectively)(Figure 3.3). There was no significant
cultivar by region interaction in any Experiment. Spearman’s rank correlations were not
consistently statistically significant among all experimental replications, although there
was a positive correlation in all but one comparison (Table 3.4).
The experiment testing northern varieties had a similar experiment by isolate
interaction (P<0.001) that prevented the combination of data between all experimental
repetitions. Each experimental replication was analyzed separately. Across all
experimental replications the susceptible cultivar (W2990CRR) consistently averaged a
higher AUDPC than the resistant cultivar (AG2632) (Table 3.5, Figure 3.2). The region
effect was only significance in experimental replication 2 (P<0.001). Although the
Northern isolates produced more disease on the susceptible cultivar in all three
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experiments (Table 3.6, Figure 3.4). A cultivar by isolate interaction was also only
present in experimental replication 2 (P<0.001), but AUDPC was highly variable across
experimental replications and cultivar (Figure 3.4). Spearman’s Rho rank comparisons
were all significant and the correlation higher in the northern germplasm experiment
(Table 3.7), when compared to southern germplasm experiment.
3.5

Discussion

Isolate variability among experimental replications can be explained by multiple
factors. The environmental conditions inside a greenhouse, while relatively controlled,
are still variable. Sunlight, temperature, and relative humidity can vary from day to day
and certainly from month to month (experimental duration was approximately 30 days).
All of these factors can have measurable effects on plant pathogen interactions (Prakash
and Thielges, 1989, Smiley and Uddin, 1993). Given the large number of isolates tested
it is not surprising that individual isolates would react differently under changing
environmental conditions. Other experiments examining M. phaseolina in soybean
cultivar evaluations over time have also found high variability in pathogen behavior
(Mengistu et al., 2007, Twizeyimana et al., 2012). The inconsistent nature of this
pathogen may simply be an inherent trait of the organism and another reason why
developing genetic resistance to this disease has been so challenging.
Isolate variability among experimental repetitions prevents us from drawing any
conclusions about individual, but we can hypothesize about the general M. phaseolina
population and variability within the pathosystem.
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This research demonstrates that differences exist between isolate populations of
M. phaseolina in the Northern and Southern regions of the US. Northern isolates appear
to be more virulent than southern isolates (Figure 3.1, Table 3.3). This response may be
due to the northern location of the experiments being preferential to northern isolates.
Regional differences between M. phaseolina populations are important to consider, as it
may mean conclusions drawn from southern experiments may not easily be applied to
northern soybean production.
Previously classified moderately resistant and susceptible soybean cultivars
(Chapter 1) performed as expected (Figure 3.1, Table 3.2, Figure 3.2, Table 3.5) and
demonstrates that this screening method can be used to differentiate cultivars for
resistance based on their reaction to M. phaseolina. The consistent cultivar by isolate
interaction in southern germplasm experiments (Figure 3.3) demonstrates that isolate
variability may impact cultivar performance (in regards to resistance) and certainly
warrants further investigation. These differences may present challenges if this protocol
is used for breeding as isolate selection may affect results, which is typical of many
screening protocols.
This research demonstrates that there are distinct differences among M.
phaseolina isolates, both as individuals and in regional populations, which can affect
resistance screening experiments targeting this host-pathogen system. This is important
to consider when evaluating soybean cultivars for M. phaseolina resistance.
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Table 3.1. Macrophomina phaseolina isolates used. County specific data
not available for all isolates. Isolates 18 and 29 became contaminated
during experiment and were removed.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
19
20
21
22
23
24
25
26
27
28
30
31
32
33
34
35
36
37
38
39

Isolate
TN262
TN550
TN501
TN270
MP203
MP220
TN551
TN5
TN272
MP223
TN279
TN4
MP144
MP249
TN380
MP250
TN280
TN264
MP258
TN271
IN12-PO-3
IN12-9-4
IN12-8-3
W23
Et18
Md7
IN12-4
W3-5
W25
W12-6
Md9
Md10
Et14
Et17
Md3
Md6
IN12-8-1

Origin
Tennessee
Texas
Louisiana
Mississippi
Louisiana
Tennessee
Mississippi
Tennessee
Mississippi
Texas
Tennessee
Tennessee
Kentucky
Georgia
Mississippi
Georgia
Kentucky
Tennessee
South Carolina
Mississippi
Posey, IN
Vermillion, IN
Lagrange, IN
Hamilton, MI
E. Troy, WI
Muscoda, WI
Benton, IN
Hamilton, MI
Hamilton, MI
Hamilton, MI
Muscoda, WI
Muscoda, WI
E. Troy, WI
E. Troy, WI
Muscoda, WI
Muscoda, WI
Lagrange, IN

Source
A. Mengistu
A. Mengistu
A. Mengistu
A. Mengistu
R. Baird
R. Baird
A. Mengistu
A. Mengistu
A. Mengistu
R. Baird
A. Mengistu
A. Mengistu
R. Baird
R. Baird
A. Mengistu
R. Baird
A. Mengistu
A. Mengistu
R. Baird
A. Mengistu
Purdue Plant Diag. Lab
Purdue Plant Diag. Lab
Purdue Plant Diag. Lab
M. Chilvers
T. Hughes
T. Hughes
Purdue Plant Diag. Lab
M. Chilvers
M. Chilvers
M. Chilvers
T. Hughes
T. Hughes
T. Hughes
T. Hughes
T. Hughes
T. Hughes
Purdue Plant Diag. Lab

Region
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
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Table 3.1 Continued
40
41
42
43
44

Et12
Et8
Dm13
Md5
IN12-9-6

E. Troy, WI
E. Troy, WI
Markesan, WI
Muscoda, WI
Vermillion, IN

T. Hughes
T. Hughes
T. Hughes
T. Hughes
Purdue Plant Diag. Lab

North
North
North
North
North
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Table 3.2. Comparison of mean area under the disease progress curve (AUDPC) values
Table 3.2.cultivars
Comparison
of meanand
areaPharaoh
under the
disease
progress
curve (AUDPC)
between
between
DT97-4290
across
all three
experimental
replications.
cultivars DT97-4290 and Pharaoh across all three experimental replications
Run 1
Run 2
Run 3
A
B
Variety
Mean
SE
Mean
SE
Mean
SE
DT97-4290
217.9
3.8
235.3
6.0
257.1
3.7
Pharaoh
275.4
4.2
299.2
6.7
307.7
3.8
P value C
<0.001
<0.001
<0.001
A
: Mean averaged across M. phaseolina isolates
B
: Standard error of the mean (SE)
C
: P value calculated by ANOVA comparison of means
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Table 3.3. Comparison of mean area under the disease progress curve (AUDPC) values
between isolate region designations North and South across all three southern soybean
Table 3.3.experimental
Comparison of
mean area under the disease progress curve (AUDPC) between
cultivars
replications.
isolate region designations North and South across all three experimental replications
Run 1
Run 2
Run 3
A
B
Region
Mean
SE
Mean
SE
Mean
SE
South
235.0
4.7
270.7
6.3
270.9
5.2
North
256.2
4.1
264.2
7.1
293.7
2.6
C
P value
<0.001
0.454
<0.001
A
: Mean averaged across both soybean cultivars
B
: Standard error of the mean (SE)
C
: P value calculated by ANOVA comparison of means
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Table 3.4. Spearman’s Rho rank correlation comparing isolate consistency on southern
Table 3.4:
Spearman
Rhoexperimental
rank correlation
comparing isolate
soybean
cultivars
across
replications.
performance across experimental replications
VarietyB
Exp Rep Comp A Resistant
Susceptible
1 and 2
0.320*
-0.169
1 and 3
0.402*
0.270
2 and 3
0.128
0.314*
A
: Experimental Reps being compared
B
: Isolate means seperated by variety, Resistant (DT97-4290) and
Susceptible (Pharaoh)
* marks Rho values statistically significant at P <0.05
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Table 3.5. Comparison of mean area under the disease progress curve (AUDPC) values
between soybean cultivars AG2632 and W2990CRR, across all three experimental
replications
Table 5. Comparison of mean area under the disease progress curve (AUDPC) between
soybean cultivars AG2632 and W2990CRR, across all three experimental replications
Run 1
Run 2
Run 3
A
B
Variety
Mean
SE
Mean
SE
Mean
SE
264.1
5.0
279.3
5.8
285.2
3.6
AG2632
293.5
5.7
367.8
8.1
359.5
4.1
W2990CRR
C
P value
<0.001
<0.001
<0.001
A
: Mean averaged across M. phaseolina isolates
B
: Standard error of the mean (SE)
C
: P value calculated by ANOVA comparison of means
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Table 3.6. Comparison of mean area under the disease progress curve (AUDPC) values
between isolate region designation North and South, across all three northern soybean
Table 6. Comparison
of replications.
mean area under the disease progress curve (AUDPC) between
cultivars
experimental
isolate region designations North and South, across all three experimental replications
Run 1
Run 2
Run 3
A
B
Region
Mean
SE
Mean
SE
Mean
SE
275.3
6.0
296.1
9.7
321.1
4.6
South
282.0
4.9
348.4
4.8
323.5
4.6
North
C
P value
0.361
<0.001
0.656
A
: Mean averaged across both soybean cultivars
B
: Standard error of the mean (SE)
C
: P value calculated by ANOVA comparison of means
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Table 3.7. Spearman’s Rho rank correlation comparing isolate consistency on northern
Table 7: cultivars
Spearman
Rho rank
correlation
comparing isolate
soybean
across
experimental
replications.
performance across experimental replications
VarietyB
Exp Rep Comp A Resistant
Susceptible
1 and 2
0.404*
0.622*
1 and 3
0.467*
0.512*
2 and 3
0.488*
0.435*
A
: Experimental Replications being compared
B
: Isolate means seperated by variety, Resistant (AG2632) and
Susceptible (W2990CRR)
* marks Rho values statistically significant at P <0.05
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Figure 3.1: Comparison of mean area under the disease progress curve (AUDPC) values
between southern soybean cultivars DT97-4290 (Resistant) and Pharaoh (Susceptible),
and isolates grouped by region, across three experimental replications. Different letters
signify statistically different means based on Fishers least significant difference test at a
threshold of α =0.05 within each replication. Bars within a column signify standard error
of the mean.
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Figure 3.2: Comparison of average area under the disease progress curve (AUDPC)
values between northern soybean cultivars, AG2632 (Resistant) and W2990CRR
(Susceptible), and isolates grouped by region, across three experimental replications.
Different letters signify statistically different means based on Fishers least significant
difference test at a threshold of α =0.05 within each replication. Bars within a column
signify standard error of the mean.

Figure 3.3: Comparison of individual isolate disease reactions (area under the disease progress curve, AUDPC) on the southern
resistant (DT97-4290) and susceptible (Pharaoh) soybean cultivars. Data is separated for each experimental replication. Bars
represent the standard error of the mean.
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Figure 3.3 Continued
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Figure 3.3 Continued
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Figure 3.4. Bar graphs showing individual isolate disease reactions (area under the disease progress curve, AUDPC) on the northern
resistant (AG2632) and susceptible (W2990CRR) soybean cultivars. Data is separated for each experimental replication. Bars
represent the standard error of the mean.
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Figure 3.4 Continued
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Figure 3.4 Continued
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CHAPTER 4. IMPACT OF TEMPERATURE ON GROWTH AND DEVELOPMENT OF
NORTHERN AND SOUTHERN ISOLATES OF MACROPHOMINA PHASEOLINA

4.1

Abstract

Forty-Two (42) isolates of Macrophomina phaseolina from soybean, 21 from the
northern U.S. and 21 from the southern U.S., were evaluated to determine the impact of
temperature on growth and development in vitro. Isolates were plated on potato
dextrose agar (PDA) and placed in an incubator at 15, 30, and 40° C. Colony diameter
(mm) and microsclerotial density (MSD-microsclerotia per 12.5 mm2) were recorded
three times over a seven-day period to establish two area under the growth progress
curve (AUGPC) values for each isolate. At 15˚ C, few isolates, regardless of origin,
produced microsclerotia, however, northern isolates had significantly greater colony
diameter AUGPC than southern isolates at 15˚ C (P=0.001). Microsclerotial development
was consistently observed at 30˚ C with southern isolates having significantly greater
MSD (P =0.028) than northern isolates. Northern isolates had greater (P =0.001) colony
AUGPC than southern isolates at 30˚ C. No isolate produced microsclerotia at 40˚ C. At
40˚ C, colony growth in general was also restricted although southern isolates had a
significantly greater colony AUGPC (P =0.001) than northern. These results indicate that
there are differences in the behavior of M. phaseolina isolates from different regions at
different temperatures, which could influence disease development.
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4.2

Introduction

The fungus Macrophomina phaseolina, infects more than 500 plant species and
is the causal agent of charcoal rot for many economically important crops including corn,
cotton, sorghum, soybean, and sunflower (Grau et al., 2004). Although charcoal rot
occurs throughout the world, it is most severe in warm, tropical to subtropical regions
(Grau et al., 2004, Kaur et al., 2012). M. phaseolina survives in soil and host residue as
microsclerotia. Under favorable conditions (28-35° C), microsclerotia will germinate and
infect plant roots. Following infection, hyphae of M. phaseolina will progressively
colonize the vascular tissues of the root, stem, and petioles, resulting in plant wilting
(Kaur et al., 2012).
Understanding the role of pathogen variability in disease development is
fundamental to disease management. Morphological characteristics can be easily
assayed in vitro, and numerous studies have effectively assessed isolate variability by
manipulating various growth conditions (Caten and Jinks, 1968, Coffey and Bower, 1984,
Devi et al., 2005, Egerton-Warburton and Griffin, 1995, Fargues et al., 1996). For
example, growth rate and development can be measured in a variety of different ways
but typically center on mycelial growth and production of fungal structures. How
isolates vary in these fundamental characteristics can be studied by altering specific
chemical amendments to the growth medium (Coffey and Bower, 1984, EgertonWarburton and Griffin, 1995), sunlight exposure (Fargues et al., 1996), and temperature
differences (Devi et al., 2005).
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Although Macrophomina is a monotypic genus (Kaur et al. 2012), considerable
morphological variation has been observed among isolates obtained from different, as
well as the same host (Beas-Fernandez et al., 2006, Dhingra and Sinclair 1973, Manici et
al. 1995, Mihail and Taylor, 1995). In these studies, variability was easily detected based
on growth differences on an isolate-by-isolate basis, but variation based on geographical
location (Dhingra and Sinclair 1973, Manici et al. 1995) or host (Beas-Fernandez et al.,
2006, Mihail and Taylor 1995) was difficult.
Charcoal rot is a disease that severely impacts soybean production throughout
the southern US where conditions typically favor disease development (Koenning and
Wrather, 2010, Smith and Wyllie, 1999, Mengistu et al., 2007). However, M. phaseolina
is a ubiquitous pathogen and in the past decade, the North Central U.S. has seen an
increase in the incidence and severity of charcoal rot (Bradley and del Rio, 2003, Brown,
2007, Elaraby et al., 2003, Hughes 2009, Yang, 2005). As such, there is a need to
understand how isolates of M. phaseolina vary on a geographical basis. The purpose of
our research was to determine the impact of temperature on growth and development
of M. phaseolina isolates from soybean producing areas in the US.
4.3

Materials and Methods

Forty-two isolates of M. phaseolina from soybean, 21 from the northern U.S. and
21 from the southern U.S. (Chapter 2), were tested (Table 4.1). Isolates were assembled
from multiple collections, employing different storage methods, and were of varying
ages. After receiving, all isolates were re-cultured onto potato dextrose agar (PDA,
Becton Dickinson BBL Media) and stored at 4˚ C. Growth (colony diameter) and
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development (microsclerotia production) of each isolate was assessed at 15, 30, and 40°
C. These three temperatures were selected based on the results of preliminary studies
(Sexton and Hughes, 2012, Appendix D), which suggested that isolates demonstrated
the most variation on a regional basis at these temperatures.
Agar plugs, 6 mm, were taken from the edge of a 3 day old culture on PDA,
incubated in the dark at room temperature, and placed in the center of a 100 x 15 mm
Petri dish with PDA. Plates were arranged in an incubator (Percival Scientific, Perry, IA
Model # CU22LC8) in a randomized complete block design and incubated for seven days.
Separate experiments were set up for each incubation temperature, and each
experiment was repeated twice. Measurements for colony diameter and microsclerotial
density (MSD) were taken every two days for a total of three measurements. Colony
diameter was calculated by averaging the length, in mm, of the widest and narrowest
portions of each colony for a single value. MSD was calculated by calibrating a dissecting
microscope to a predetermined viewing area (12.5 mm2) and counting the number of
mature (melanized) microsclerotia. Two random counts were taken per plate and
averaged for a single value. Both diameter and MSD measurements were used to
calculate separate area under the growth progress curve (AUGPC) for each isolate using
the following formula,
𝑁𝑖 −1

𝐴𝑈𝐺𝑃𝐶 = ∑
𝑖=1

(𝑦𝑖 + 𝑦𝑖+1 )
(𝑡𝑖+1 − 𝑡𝑖 )
2

where t = days accumulated before disease rating and y = the length of the lesion at the
time of measurement. Each treatment was repeated twice.
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Means were compared using a two-way analysis of variance (ANOVA) and
individual means were compared using Fisher’s least significant difference (LSD). For
each analysis, statistical significance was determined at P=0.05. Analysis was performed
using the STATISTICA software GLM model (Statsoft, Tulsa, OK).
4.4

Results

Data from all nine experimental replications was combinable based on a nonsignificant , P=0.498, experiment effect. Data was only comparable using the colony
diameter AUGPC statistic, as microsclerotia were not formed at the 40 ˚ C incubation
temperature. Two-way ANOVA analysis showed that both the region (P=0.022) and
Temperature (P <0.001) effects were significant. A Region by Temperature interaction
was also significant (P <0.001)(Figure 4.1). While Northern isolates grew more vigorously
then southern isolates at both 15 and 30˚ C, the trend reverses at 40˚ C (Figure 4.1).
MSD counts were extremely low at 15˚, which resulted in no significant
differences between northern and southern isolates. At the 30˚ C incubation
temperature southern isolates produced more microsclerotia then northern isolates
(Figure 4.3).
4.5

Discussion

These results suggest that there are physiological differences between M.
phaseolina isolate populations in the northern and southern regions of the US. Northern
isolates grew better than southern isolates in extremely cold conditions, suggesting that
M. phaseolina isolates in the northern US may remain active in lower temperatures. This
activity could lead to a longer growing season for this fungus, which could have
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implications on planting dates and cultural practices in soybean fields effected by
charcoal rot in northern soybean growing regions. Such as planting soybeans earlier in
the season to try avoid early infection of the disease and limit exposure of plants to the
drier end of the season (Bowers, 1995, and Kane and Grabau, 1992). This strategy of
avoiding early season infection of M. phaseolina has not been specifically researched
but its efficacy has been shown on other pathosystems including Phomopsis stem blight
on soybean (Tekrony et al., 1996).
The reversal of this trend in extremely hot conditions (40˚ C), with southern
isolates growing better then northern isolates suggests further adaptation of isolate
populations to regional climates. The growth of all isolates at this high temperature also
shows that this pathogen can tolerate hot environments which is why it is able to thrive
in hot and dry conditions.
At the 30˚ C temperature the MSD and colony diameter growth rate results
appear to be conflicting with northern isolates growing better in terms of mycelial
growth and southern isolates producing more microsclerotia. This could be explained by
the possibility that the southern isolates prefer a slightly warmer optimal growth
temperature and perhaps produce more survival structures, i.e. microsclerotia, when
they are not exposed the optimal environmental conditions.

78
4.6

List of References

Beas-Fernández, R., De Santiago-De Santiago, A., Hernandez-Delgado, S., and MayekPerez, N. 2006. Characterization of Mexican and non-Mexican isolates of
Macrophomina phaseolina based on morphological characteristics, pathogenicity
on bean seeds and endoglucanase genes. Journal of Plant Pathology, 88. 53-60.
Bradley C.A. and del Rio, L.E. 2003. First report of charcoal rot on soybean caused by
Macrophomina phaseolina in North Dakota. Plant Dis. 87: 601.
Brown, D. 2007. Charcoal rot in soybeans. Michigan State University Extension.
http://msue.anr.msu.edu/news/charcoal_rot_in_soybeans
Caten, C. E., and Jinks, J. L. 1968. Spontaneous variability of single isolates of
Phytophthora infestans. I. Cultural variation. Canadian Journal of Botany, 46.
329-348.
Coffey, M. D., and Bower, L. A. 1984. In vitro variability among isolates of eight
Phytophthora species in response to phosphorous acid. Phytopathology, 74, 738742.
Devi, K. U., Sridevi, V., Mohan, C. M., and Padmavathi, J. 2005. Effect of high
temperature and water stress on in vitro germination and growth in isolates of
the entomopathogenic fungus Beauveria bassiana (Bals.) Vuillemin. Journal of
invertebrate pathology, 88. 181-189.
Dhingra, O. D., and Sinclair, J. B. 1973. Variation among isolates of Macrophomina
phaseoli (Rhizoctonia bataticola) from different regions. Journal of
Phytopathology, 76. 200-204.

79
Egerton-Warburton, L. M., and Griffin, B. J. 1995. Differential responses of Pisolithus
tinctorius isolates to aluminum in vitro. Canadian journal of botany, 73. 12291233.
Elaraby, M.E., et al. 2003. First report of charcoal rot (Macrophomina phaseolina) on
soybeans in Minnesota. Plant Dis. 87: 202.
Fargues, J., Goettel, M. S., Smits, N., Ouedraogo, A., Vidal, C., Lacey, L. A., ... and Rougier,
M. 1996. Variability in susceptibility to simulated sunlight of conidia among
isolates of entomopathogenic Hyphomycetes. Mycopathologia, 135. 171-181.
Grau, C.R., Dorrance, A.E., Bond, J., Russin, J.S. 2004. Charcoal Rot. Pages 684-687 in:
Soybeans: Improvement, Production, and Uses. 3rd Ed. H.R. Boerma and J.E.
Specht, eds. ASA-CSSA-SSSA, Inc., Madison, WI.
Hughes, T. J. 2009. Taking advantage of a stressful situation: Stem Canker and Charcoal
Rot in Soybeans. Wisconsin Crop Manager. 16: 9-11.
Kaur, S., Dhillon, G.S., Brar, S.K., Vallad, G.E., Chand, R., and Chauhan, V.B. 2012.
Emerging phytopathogen Macrophomina phaseolina: biology, economic
importance and current diagnostic trends. Critical Rev. Micro. 38: 136-151.
Manici, L. M., Caputo, F., and Cerato, C. 1995. Temperature responses of isolates of
Macrophomina phaseolina from different climatic regions of sunflower
production in Italy. Plant Disease, 79. 834-838.
Mengistu, A., Ray, J.D., Smith, J.R., and Paris, R.L. 2007. Charcoal rot disease assessment
of soybean genotypes using a colony-forming unit index. Crop Sci. 47: 2453-2461.

80
Mihail, J. D., and Taylor, S. J. 1995. Interpreting variability among isolates of
Macrophomina phaseolina in pathogenicity, pycnidium production, and chlorate
utilization. Canadian Journal of Botany, 73. 1596-1603.
Sexton, Z.F., and Hughes, T.J. 2012. Impact of temperature on growth and development
of northern and southern isolates of Macrophomin phaseolina. Phytopathology
102:S5.9.
Smith, G.S., and Wyllie, T.D. 1999. Charcoal Rot. Pages 29-31 in: Compendium of
Soybean Diseases. 4th Ed. G.L. Hartman, J.B. Sinlcair, and J.C. Rupe, eds. American
Phytopathological Society, St. Paul, MN.
Yang, X.B., and Navi, S.S. 2005. First report of charcoal rot epidemics caused by
Macrophomina phaseolina in soybean in Iowa. Plant Dis. 89: 526.

81
Table 4.1. Macrophomina phaseolina isolates used. County specific data
not available for all isolates. Isolates 18 and 29 became contaminated
during experiment and were removed.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
19
20
21
22
23
24
25
26
27
28
30
31
32
33
34
35
36
37
38
39

Isolate
TN262
TN550
TN501
TN270
MP203
MP220
TN551
TN5
TN272
MP223
TN279
TN4
MP144
MP249
TN380
MP250
TN280
TN264
MP258
TN271
IN12-PO-3
IN12-9-4
IN12-8-3
W23
Et18
Md7
IN12-4
W3-5
W25
W12-6
Md9
Md10
Et14
Et17
Md3
Md6
IN12-8-1

Origin
Tennessee
Texas
Louisiana
Mississippi
Louisiana
Tennessee
Mississippi
Tennessee
Mississippi
Texas
Tennessee
Tennessee
Kentucky
Georgia
Mississippi
Georgia
Kentucky
Tennessee
South Carolina
Mississippi
Posey, IN
Vermillion, IN
Lagrange, IN
Hamilton, MI
E. Troy, WI
Muscoda, WI
Benton, IN
Hamilton, MI
Hamilton, MI
Hamilton, MI
Muscoda, WI
Muscoda, WI
E. Troy, WI
E. Troy, WI
Muscoda, WI
Muscoda, WI
Lagrange, IN

Source
A. Mengistu
A. Mengistu
A. Mengistu
A. Mengistu
R. Baird
R. Baird
A. Mengistu
A. Mengistu
A. Mengistu
R. Baird
A. Mengistu
A. Mengistu
R. Baird
R. Baird
A. Mengistu
R. Baird
A. Mengistu
A. Mengistu
R. Baird
A. Mengistu
Purdue Plant Diag. Lab
Purdue Plant Diag. Lab
Purdue Plant Diag. Lab
M. Chilvers
T. Hughes
T. Hughes
Purdue Plant Diag. Lab
M. Chilvers
M. Chilvers
M. Chilvers
T. Hughes
T. Hughes
T. Hughes
T. Hughes
T. Hughes
T. Hughes
Purdue Plant Diag. Lab

Region
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
South
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
North
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Table 4.1 Continued
40
41
42
43
44

Et12
Et8
Dm13
Md5
IN12-9-6

E. Troy, WI
E. Troy, WI
Markesan, WI
Muscoda, WI
Vermillion, IN

T. Hughes
T. Hughes
T. Hughes
T. Hughes
Purdue Plant Diag. Lab

North
North
North
North
North
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Figure 4.1: Figure comparing colony diameter area under the growth progress curve
(AUGPC) means separated by region and temperature averaged over all experimental
repetitions. Letters represent means that are significantly different based of Fisher’s
least significant difference (LSD) test at Alpha=0.05. Bars indicate standard error of the
mean.
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Figure 4.2: Figure comparing colony diameter area under the growth progress curve
(AUGPC) means and MSD AUGPC means averaged over all experimental repetitions at
15˚ C. Letters represent means that are significantly different based of Fisher’s least
significant difference (LSD) test at Alpha=0.05. Bars indicate standard error of the mean.
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Figure 4.3: Figure comparing colony diameter area under the growth progress curve
(AUGPC) means and MSD AUGPC means averaged over all experimental repetitions at
30˚ C. Letters represent means that are significantly different based of Fisher’s least
significant difference (LSD) test at Alpha=0.05. Bars indicate standard error of the mean.
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Appendix A

Preliminary investigation of multiple greenhouse screening techniques

Objectives: To test the efficacy of multiple soil amendments for producing charcoal rot
symptoms of greenhouse grown soybean plants

Experimental Design: Randomized complete block design

Replications: 4

Variables: 4 soil treatments, 2 soybean cultivars

Materials:

Treatments:
1.
2.
3.
4.

Sclerotia (S)
Millet (M)
Control Sclerotia (CS)
Control Millet (CM)

Soybean cultivars:
1. DT97-4290
2. Pharaoh
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Methods:
M. phaseolina sclerotia were produced using methods detailed in Abawi, G. S. et al 1986
and added to sterilized soil at a rate of 2g per kg soil. Infested millet was produced using
methods detailed in Mengistu et al. 2007 and added to sterilized soil at a rate of 2g per
kg soil. Control treatments were sclerotia and millet amended soil that had been reautoclaved

Soybean seeds were planted in individual cone planters filled with soil treatment and
watered daily. Soybean plants were allowed to grow until growth stage V2 at which time
measurements of emergence and foliar symptoms were recorded. Visual foliar
symptoms ratings were repeated every 3 days, two more times, for a total of 3 foliar
ratings over a 9-day period.

Results:
Neither soil treatment was able to produce measurable disease symptoms on either
soybean cultivar.
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Appendix B

Preliminary investigation of cut stem charcoal rot screening protocol

Objective: To confirm the ability of the “cut-stem” technique developed Twizeyimana et
al 2012 to differentiate between previously established moderately resistant (DT974290) and susceptible (Pharaoh) soybean cultivars.

Experimental design: Completely randomized

Replications: 8

Variables: 2 soybean cultivars; 2 treatments

Materials:
Treatments:
1. M. phaseolina Isolate: TN410
2. Control: Sterile PDA
Cultivars:
1. DT97-4290 (Moderately resistant)
2. Pharaoh (Susceptible)

Methods: Experimental cut-stem protocol followed the same procedure described in
chapters 1 and 2

Data Analysis: Mean comparison using standard error
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Figure B-1. Average area under the disease progress curve (AUDPC) of soybean cultivars
DT97-4290 and Pharaoh when inoculated with M. phaseolina isolate TN410 and a
control treatment of sterile PDA. Bars show standard error of the mean.
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Appendix C

Preliminary isolate pathogenicity experiments

Objective: To investigate M. phaseolina isolate pathogenicity variation differences based
regional isolate origination.

Experimental Design: Randomized complete block design

Replications: 3 Blocks per experiment, 2 experimental repetitions

Variables: 6 soybean cultivars, 10 M. phaseolina isolates

Materials:
Cultivars:
1.
2.
3.
4.
5.
6.

DT97-4290 (RV1)
Wisc 25 (RV2)
Wisc 8 (RV3)
Pharaoh (SV1)
Wisc 26 (SV2)
Wisc 24 (SV3)

Isolates:
1.
2.
3.
4.
5.
6.

Md7
Et18
MP272
IN12-8
IN12-4
TN260
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7. TN271
8. TN501
9. MP223
10. MP144

Methods: Experimental cut-stem protocol followed the same procedure described in
chapters 1 and 2

Data Analysis: Two-way ANOVA using Statsoft STATISTICA software
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Table C-1. ANOVA table showing analysis of area under the disease progress curve
(AUDPC) means across both experimental replications.
Table 1: ANOVA table showing analysis of AUDPC means across both experimental repetitions
Run 1
Run 2
df
MS
F
PA
df
MS
Block
2
28473
9.2
0.0001
2
9459
Variety
5
38002
12.3
>0.0001
5
29913
Isolate
9
130812
42.4
>0.0001
9
175049
Variety*Isolate
45
5921
1.9
0.003
45
3106
Error
118
3086
118
3462
A: Significance calculated at Alpha = 0.05

PA

F
2.7
8.6
50.6
0.9

0.069
>0.0001
>0.0001
0.653

Table C-2. Pooled area under the disease progress curve (AUDPC) means of resistant
and susceptible soybean varieties across experimental replications.
Table 2: Pooled means of resistant and susceptible soybean varieties across experimental repetitions
Run 1
Run 2

Table
2: Pooled means
ofA resistant SE
andB susceptible
soybean varieties
Variety
Mean
Mean
SE across experimental repetitions
Run148.6
1
Run188.5
2
Resistant
14.9
18.5
A
B 21.6
Susceptible
206.9
231.7
Variety
Mean
SE
Mean
SE 22.0
C
P value
<0.001
<0.001
Resistant
148.6
14.9
188.5
18.5
A:Susceptible
Mean averaged across
soybean varieties
206.9
21.6
231.7
22.0
C
B: Standard
the mean
P value error of<0.001
<0.001
C:
P value
calculated
by ANOVA
comparison
A: Mean
averaged
across
soybean
varieties of means
B: Standard error of the mean
C: P value
calculated
by ANOVA
comparison
of means
Table
C-3
Pooled
area
curveisolates
(AUDPC)
means
of Northern
and
Table 3:
Pooled
means
of under
northernthe
anddisease
southernprogress
M. phaseolina
across
experimental
repetitions
Southern M. phaseolina
replications.
Run 1 isolates across experimental
Run 2
B
Table
3: Pooled means
ofA northern and
M. phaseolina isolates
across experimental repetitions
Region
Mean
SE southern Mean
SE
Run212.1
1
Run223.1
2
North
19.4
17.3
A
South
143.3
186.4
Region
Mean
SE B 12.7
Mean
SE 12.1
C
PNorth
value
<0.001
<0.001
212.1
19.4
223.1
17.3
A: Mean
averaged across
M. phaseolina12.7
isolates
South
143.3
186.4
12.1
C
B: Standard
the mean
P value error of<0.001
<0.001
C:
P value
calculated
by ANOVA
comparison
of means
A: Mean
averaged
across
M. phaseolina
isolates
B: Standard error of the mean
C: P value calculated by ANOVA comparison of means
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Figure C-1. Comparison of Isolate area under the disease progress curve (AUDPC) across
experimental repetitions. Bars represent standard error of the mean.

Figure C-2. Comparison of soybean cultivar area under the disease progress curve
(AUDPC) across experimental repetitions. Bars represent standard error of the mean.
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Appendix D

Preliminary investigation of isolate growth variability at varying
incubation temperatures

Objectives: To investigate potential in vitro growth differences of regional M. phaseolina
isolate populations at different incubation temperatures.

Experimental design: Randomized complete block design

Replications: 4

Variables: 6 M. phaseolina isolates, 6 incubation temperatures

Materials:
Isolates:
1.
2.
3.
4.
5.
6.

TN420
TN517
TN501
Md7
Et13
Dm13

Temperatures:
1.
2.
3.
4.
5.

38˚ C
35˚ C
30˚ C
25˚ C
20˚ C
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6. 15˚ C

Methods:
Each isolate was plated on potato dextrose agar (PDA) with 4 replications for a
total of 48 plates per incubation period. Six separate incubation temperatures used: 15,
20, 25, 30, 35, and 38° C. The plates were arranged in a randomized complete block
design within the incubator for each incubation temperature.

Cultures were measured for colony diameter and microsclerotial density daily for
the seven consecutive days. Colony diameter was measured in mm at the widest part of
each sample colony. Microsclerotial density for individual plates were calculated by
calibrating the viewing area of a dissecting microscope to 12.5 mm2 and then randomly
selecting a portion of the sample colony and counting the amount of visible
microsclerotia. This was repeated twice for each plate and averaged. For each
incubation temp, measurements were averaged across the four replications for each
isolate and media, and a growth curve was formed with a measurement for each day of
incubation.

Data Analysis: Two-way analysis of variance (ANOVA)
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Figure D-1. Average mycelial area under the growth progress curve (AUGPC) of isolates
separated by region across all temperatures. Bars represent standard error of the mean.

Figure D-2. Average microsclerotial area under the growth progress curve (AUGPC) of
isolates separated by region across all temperatures. Bars represent standard error of
the mean.
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Figure D-3. Mycelial growth of isolates of M. phaseolina on PDA at 15° C. Bars indicate
standard error across 4 samples per isolate.

Figure D-4. Mycelial growth of isolates of M. phaseolina on PDA at 38° C. Bars indicate
standard error across 4 samples per isolate.
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Appendix E

Spearman’s Rho rank correlation comparing consistency across

commercial germplasm screening experimental replications

Table E-1. Spearman’s Rank Correlation (Rho) comparing 30
commercial soybean cultivars in maturity group (MG) I-II and
67 in MG II-III challenged with Macrophomina phaseolina in
three greenhouse experiments, using a single lesion length
measurement 9 DAI.

Exp. Runs
1 and 2
1 and 3
2 and 3

MG I-II Cultivars
Rho
P >F
0.383
0.031
0.586
0.001
0.548
0.001

MG II-III Cultivars
Rho
P>F
0.259
0.031
0.279
0.020
0.363
0.002

